The exploitation of river systems for power and navigation has commonly been achieved through 14 the installation of a variety of in-channel obstacles of which weirs in Britain are amongst the most 15 common. In the UK, the historic value of many of these features is recognised by planning 16 designations and protection more commonly associated with historic buildings and other major 17 monuments. Their construction, particularly in the north and west of Britain, has often been 18 associated with industries such as textiles, chemicals, and mining, which have polluted waterways 19 with heavy metals and other contaminants. The construction of weirs altered local channel gradients 20 resulting in sedimentation upstream with the potential as well for elevated levels of contamination 21 in sediments deposited there. For centuries these weirs have remained largely undisturbed, but as a 22 result of the growth in hydropower and the drive to improve water quality under the European 23
Using a numerical modelling approach, this paper simulates the removal of major weirs along a 24-27 km stretch of the river Derwent, Derbyshire, UK, designated as a UNESCO World Heritage Site. The 28 results suggest that although removal would not result in significant changes to the valley 29 morphology, localised erosion would occur upstream of structures as the river readjusts its base 30 level to new boundary conditions. Modelling indicates that sediment would also be evacuated away 31 from the study area. In the context of the Derwent valley, this raises the potential for the 32 remobilisation of contaminants (legacy sediments) within the wider floodplain system, which could 33 have detrimental, long-term health and environmental implications for the river system. 34
Worldwide, rivers have a common association with industry -being the focus of settlement and 35 development since the earliest civilisations with channel engineering a common practice. Therefore, 36
Introduction 42
On a global scale, many of the world's great civilisations have developed around river systems with 43 growth and prosperity dependent on working with and managing their associated hydrological 44 regimes (Macklin and Lewin, 2015; Vianello, 2015) . In the UK, the exploitation of river systems for 45 navigation and power, particularly since medieval times (Lewin, 2010 (Lewin, , 2013 , has been carried out 46 through channel modifications, including locks, weirs, leets, and races. Weirs, in particular, are one 47 of the most widespread forms of historical channel modification -regulating channel flows, usually 48 to provide a head of water for power generation or to aid navigation via lock systems. The historical 49 importance of many of these structures has led to numerous examples gaining conservation 50 designations more normally associated with major buildings of national importance. In many ways, 51 weirs and other riverine structures have been transformed from water management features to 52 culturally important and protected features of the contemporary riparian corridor (Firth, 2014 (Firth, , 53 2015 . As a point of clarification early on in this paper, we should note that in North American 54 literature, the term 'weir' as used here is replaced by 'dam' and size does not appear to be used to 55 differentiate these structures from larger features that impede flow and lead to the retention of a 56 large body of water (reservoir) as might be practiced in the UK (for example, see the use of the term 57 'dam' by Magilligan et al., 2016) . 58
Many weirs within river corridors remain relatively unaltered and fossilised within the landscape, 59
providing glimpses of an industrial past and former trade networks. Many are still maintained and 60 conserved, being now seen as part of the contemporary riparian environment. However, during the 61 last decade these structures have come under increasing pressure to be modified or removed from 62 drainage networks as a result of two major initiatives. The first of these comprises river restoration 63 projects associated with the legal obligation on the UK government to improve water quality, 64 habitats, and fish passage in response to the (currently enforced) European Water modifications to provide fish passes. Whilst we acknowledge that the WFD is a major piece of 78
European legislation, and as such restoration projects and their associated challenges are not just 79 restricted to the UK (e.g., Lespez et al., 2015) , the cultural value of such in-channel fluvial features in 80 the UK is particularly high. This reflects, in part, the influence of the Industrial Revolution, but also 81 the robust statutory framework of heritage protection in the UK. 82
The second initiative is the potential to modify these structures under schemes designed to generate 83 hydropower, and so contribute toward UK government sustainable energy targets 84 (https://www.gov.uk/harnessing-hydroelectric-power). Entec Ltd (2010) estimated that there are 85 25,935 barriers across rivers in England and Wales that have the potential to produce varying 86 outputs of hydropower. Although the Entec Ltd (2010) report does not identify how many of these 87 sites are associated with historic weirs, a significant number may be predicted in view of the 88 estimated total number of water barriers and the historic use of many weirs for industrial power 89
generation. 90
Planning law in the UK requires that any modifications to historic weirs include an assessment of 91 their heritage value as part of the overall design process (e.g., Passmore Heritage, 2014). However, an important point that appears to have been ignored in literature 99 associated with these structures, even by archaeologists (Firth, 2014 (Firth, , 2015 , is that many weirs on 100 river systems, particularly in northern and western Britain, were associated originally with heavy 101 industries such as mining, textile manufacturing and a wide range of chemical manufacturing 102 responses to enhanced discharge associated with changing precipitation conditions. Major historic 118 weirs form an integral part of the World Heritage Site designation, but as fixed obstacles they alsosignificantly influence contemporary hydrology and so were an important consideration during the 120 design of the fluvial modelling work package. As in other UK valley floors, they are also important 121 obstacles to consider with respect to meeting water quality and habitat objectives of the WFD. 122
Given this context, as part of the empirical study to elucidate the impact of future climate change on 123 the Derwent Valley, numerical models were run to explore how the river system might respond to 124 future environmental change with the weirs in situ and with the weirs removed. 125
We must stress at the outset that the international historical value of these weirs as WHS assets is 126 such that it is inconceivable that they will face calls for their widespread removal as a consequence 127 of WFD policy, although minor modifications to facilitate the passage of fish or permit the 128 development of hydropower may be anticipated (e.g, Darley Abbey: Flintoft, 2014 Flintoft, , 2015 . In 129 contrast, many historic weirs elsewhere in the UK are under pressure to be substantially remodelled 130 or removed altogether. Impact assessments appear to be undertaken principally at the site-specific 131 level with the focus firmly upon the weir structure rather than the wider riparian environment. Table 1 . Modelled stretches of river compared in 167
Figs. 9-11 are shown by thick green lines (see Fig. 3 also). 168 169 LISTED GRADE II. The current weir dates from 1799-1801, but occupies the site of an earlier structure. Substantially altered by the Strutt family when they built their first cotton mill in Milford, it has a stone paved sloping surface and a concave curve upstream. The weir served three sites: on its north side, a corn mill and a fulling mill; on its south side, via a goyt, Strutt's printing mill and bleach works; farther downstream, south of the bridge across the Derwent, the main cotton mill site. processing and analysis speeds, the 2 m resolution DEM was re-sampled to 20 m grid cells (Fig. 3) . This real flow data was then used to calibrate separate hydrological models running at a coarser 241 spatial resolution for the catchment above the WHS and for two major lower tributaries: the 242 Ecclesbourne and Amber rivers. This calibration allowed the generation and modelling of realistic 243 flood sizes when using future predictions of rainfall for the catchments feeding the river Derwent. 244
For the hydrological calibration, the upstream models were then run for 30-year periods (starting 245 with the present-day shape and position of the channels) using synthetic rainfall modelled upon 246 baseline criteria (computer-generated rainfall based on present-day rainfall patterns) from the 247 UKCP09 weather generator (Prudhomme, 2012) . As synthetic rainfall is generated according to 248 probabilities of existing rainfall patterns, there is a random component in this process, and so this 249 process was repeated 100 times (as recommended by Coulthard et al., 2012) . From these 100 250 simulations, daily river flow averages were taken and used to generate a frequency distribution of 251 daily flow amounts. To calibrate the model, this process was repeated six times, each time varying a 252 key parameter (m) in the hydrological model, which alters the size and length of floods. 
261
To model the impact of future climate change on the riparian corridor, with and without weirs, 262 rainfall predictions were needed to generate future flood events. These were simulated using the 263 UKCP09 Weather Generator and, specifically, the high emissions scenario for the time period 2020-264 2049. The weather generator produced 100 30-year hourly rainfall simulations for the catchment 265 above the Derwent. From these 100 simulations, 20 were randomly selected and used to generate 266 30-year periods of flows and future erosion and deposition patterns within the DVMWHS reach. 267
As the rainfall (and thus flood) input to each simulation is slightly different, 20 patterns of erosion 268 and deposition were generated for each scenario. All modelling simulations started with the same 269 topography, were driven by the same rainfall, and experienced the same floods, differing only with 270 respect to the lowering of elevation in model cells where weir structures had been removed. To 271 smooth the data, volumes of erosion and deposition were combined; and Figs. 6 and 7 illustrate 272 mean erosion and deposition for the upper and lower halves of the reach modelled (Fig. 3) . Britain and northwest Europe (Rumsby and Macklin, 1996) , and suggests that the Derwent, 298 With increased erosion, a downstream increase in sediment deposition might be expected as the 331 gradient of the riverbed rises to meet the decreasing upstream elevations. Certainly, cumulative 332 sediment yields from the study area for the simulation with and without weirs demonstrate that, 333 with the structures removed, there is a >100% increase in total sediment yield from the simulated 334 reach (Fig. 11) . We should note that simulated sediment yields of ca. 5100-11500 t y -1 are low 335 compared to many UK basins (Foster and Leeds, 1999) . We expected that differences in sediment 336 shown that removing weirs would focus erosion on contaminated alluvial sediments and result in 372 their remobilisation within the fluvial system, with potentially significant environmental effects 373 (Foulds et al., 2014) . 374
This modelling has also demonstrated that the dispersal of eroded sediments during channel 375 readjustment to local base levels is not straightforward. We expected that eroded particulate 376 sediment would be deposited a short distance downchannel as hydraulic conditions changed, butthe sediment appeared to be evacuated a considerable distance, beyond the downstream limits of 378 the World Heritage Site as evidenced by the elevated post-removal catchment sediment yields (Fig.  379   11) . Such enhanced sedimentation, particularly if contaminated, might therefore result in further 380 management issues downstream. 381
Whilst this particular study has focused on fluvial change along a 24-km stretch of the River 382 Derwent, it highlights issues regarding river structures that have generic resonance. As mentioned 383 previously, many of the world's great civilisations have developed around major river systems 384 (Vianello, 2015) , and engineering solutions have commonly been implemented to manage 385 hydrological regimes, particularly to exploit the potential for agriculture and trade (Csekö and 386 Hayde, 2004; Fahlbusch et al., 2004) . Therefore, any modification to weirs or other in-channel 387 structures has the potential to raise similar issues and concerns. In areas where frameworks for 388 heritage protection are not well developed, the consequences could be particularly damaging, 389 especially if there is a pollution legacy. 390
The issues raised by this research demonstrate the need for engineers, hydrologists, and heritage 391 professionals to work together to consider weirs as a group of assets within wider catchment 392 frameworks, rather than considering modification or removal on a case-by-case basis. Some 393 researchers might be argued that this study represents an extreme scenario, as it assumes removal 394 of all weirs from a river reach; and we accept that fluvial dynamics might have produced different 395 results if only individual structures had been removed or modified, as might be the case of a single 396 larger dam structure. This would be a valid criticism, but we emphasise that the empirical evidence 397 base is simply not available at present to assess either the initial impacts of change or the longer-398 term adjustments that might occur with fluvial systems. In the USA, we note that there is growing 399 discussion of the impact of the construction and demise of milldams of the colonial age on sediment 400 supply and fluvial dynamics, but the evidence is also far from clearcut (see Walter 
